In both the grey and white matter of adult central nervous system, there still remain many NG2 + stem-like cells that serve as oligodendrocyte precursor cells (OPCs) and as the primary source of remyelinating cells in demyelinated lesions. These cells (polydendrocytes), which are the majority of proliferating cells in the adult brain and spinal cord, actually represent a peculiar type of multifunctional cells, since, under specific conditions, they can also give rise to neurons and astrocytes (1). Moreover, lineage tracing studies indicate that some NG2 + cells in the mature brain cease proliferating and rarely, if ever, undergo differentiation (2). Finally, some NG2 + cells might also generate action potentials (3) and physically interact with axon terminals filled with synaptic vesicles, leading to the novel concept of neuronpolydendrocyte synapses. NG2 + cells thus represent a heterogeneous population of precursors whose complete characterization would benefit from the identification of new markers mapping specific functional/differentiation stages.
The developing and mature central nervous system contains neural precursor cells expressing the proteoglycan NG2. Some of these cells continuously differentiate to myelin-forming oligodendrocytes; knowledge of the destiny of NG2 + precursors would benefit from the characterization of new key functional players. In this respect, the G-proteincoupled membrane receptor GPR17 has recently emerged as a new timer of oligodendrogliogenesis. Here, we used purified oligodendrocyte precursor cells (OPCs) to fully define the immunophenotype of the GPR17-expressing cells during OPC differentiation, unveil its native signaling pathway and assess the functional consequences of GPR17 activation by its putative endogenous ligands, uracil nucleotides and cysteinylleukotrienes (cysLTs). GPR17 presence was restricted to very early differentiation stages and completely segregated from that of mature myelin. Specifically, GPR17 decorated two subsets of slowly proliferating NG2 + OPCs: (i) morphologically-immature cells expressing other early proteins like Olig2 and PDGF receptor-, and (ii) ramified preoligodendrocytes already expressing more mature factors, like O4 and O1. Thus, GPR17 is a new marker of these transition stages. In OPCs, GPR17 activation by either uracil nucleotides or cysLTs resulted in potent inhibition of intracellular cAMP formation. This effect was counteracted by GPR17 antagonists and receptor silencing with siRNAs. Finally, uracil nucleotides promoted and GPR17 inhibition by either antagonists or siRNAs impaired the normal program of OPC differentiation. These data have implications for the in vivo behaviour of NG2 + OPCs and point to uracil nucleotides and cysLTs as main extrinsic local regulators of these cells under physiological conditions and during myelin repair.
In both the grey and white matter of adult central nervous system, there still remain many NG2 + stem-like cells that serve as oligodendrocyte precursor cells (OPCs) and as the primary source of remyelinating cells in demyelinated lesions. These cells (polydendrocytes), which are the majority of proliferating cells in the adult brain and spinal cord, actually represent a peculiar type of multifunctional cells, since, under specific conditions, they can also give rise to neurons and astrocytes (1) . Moreover, lineage tracing studies indicate that some NG2 + cells in the mature brain cease proliferating and rarely, if ever, undergo differentiation (2) . Finally, some NG2 + cells might also generate action potentials (3) and physically interact with axon terminals filled with synaptic vesicles, leading to the novel concept of neuronpolydendrocyte synapses. NG2 + cells thus represent a heterogeneous population of precursors whose complete characterization would benefit from the identification of new markers mapping specific functional/differentiation stages.
In this respect, we recently identified the membrane G-protein-coupled receptor GPR17 activated by uracil nucleotides (UDP-glucose and UDP) and cysteinyl-leukotrienes (cysLTs, like LTD 4 and LTE 4 ) (4-7) as a new key player in oligodendrocyte differentiation (8) . We have originally demonstrated that, in primary cortical neuron-glia cultures, GPR17 is expressed by OPCs together with typical preoligodendroglial markers like NG2 and O4 (8).
In vivo, GPR17 was found on rodent adult OPCs of brain"s (8) and spinal cord"s parenchyma (9) . Both in vivo and in vitro, colocalization of GPR17 with markers of mature myelinating oligodendrocytes (e.g., myelin basic protein, MBP) was found to a very small extent (8). Important from a functional point of view, we also originally showed that the pharmacological manipulation of GPR17 with its ligands fosters the progression of preoligodendrocytes toward mature myelinating cells (8). Accordingly, GPR17 forced overexpression inhibits OPC differentiation and maturation, and, conversely, GPR17 knock out mice show precocious onset of myelination (10) .
However, more data are needed to explore in detail the time-dependent changes of GPR17 during OPC differentiation, its presence at specific maturation stages and its role in the proliferation and multi-facet functions of NG2 + cells. Moreover, despite extensive signaling studies on recombinant GPR17 in various heterologous expression models suggesting GPR17 coupling to both cAMP formation and, under certain circumstances, to calcium increases (4, 8, 11) , no data are available on the signaling mechanisms and second messengers utilized by the natively occurring receptor in OPCs. The relatively low number of OPCs (approximately 5-10%) in the previously utilized neuronal-glia cultures (8) has hampered the functional characterization of GPR17 and of its signaling. On this basis, the present study was undertaken on purified OPCs from rat cortex to characterize GPR17 expression during spontaneous in vitro differentiation, to fully define the immunophenotype of GPR17-expressing cells and to unveil the signaling pathways of the native receptor.
We show that GPR17 identifies two distinct stages of slowly proliferating NG2 + cells. We also provide strong evidence indicating inhibition of cAMP as the main signaling pathway of native GPR17 upon activation by its endogenous ligands. Finally, we provide pharmacological and gene silencing data to establish a mechanistic role of GPR17 in OPC differentiation.
Experimental Procedures
Primary OPC cultures-OPCs were isolated from mixed glial cultures from embryonic (E19) or postnatal day 2 Sprague-Dawley rat cortex, by shaking method, as described (12) (13) (14) . OPCs were plated onto poly-D,L-ornithine (final concentration 50 g/ml, Sigma-Aldrich, Milan, Italy) coated 13mm or 24mm glass coverslips for immunocytochemistry, single cell RT-PCR (1.5 x 10 4 cells/coverslip) or calcium imaging studies (8 x  10 4 cells/coverslip) in Neurobasal with 2% B27 (Invitrogen, Milan, Italy), 2 mM L-glutamine, 10 ng/ml human platelet-derived growth factor BB (Sigma-Aldrich) and 10ng/ml human basic fibroblast growth factor (Invitrogen) to promote proliferation. After one day, cells were switched to a Neurobasal medium lacking growth factors to allow differentiation. In some experiments, triiodothyronine T3 was added to a final concentration of 400ng/ml, as indicated legends of Fig. 8, 9 . The 87.6  2.9 % of cells was positive for the Olig2, (n=4900, from 5 independent experiments); a very low percentage of contaminating astrocytes and microglia was found. Immunocytochemistry-Primary OPCs were fixed at room temperature with 4% paraformaldehyde in 0.1 M PBS. Double labeling was performed using the in-house made anti-GPR17 polyclonal antibody (1:100; 2.5 h at RT; (8) ) with the selected primary antibodies in Goat Serum Dilution Buffer (GSDB; 450 mM NaCl, 20 mM sodium phosphate buffer, pH 7.4, 15% goat serum, 0.3% Triton X-100). The following primary antibodies were used: mouse anti-NG2 (1:200, Abcam, Cambridge, UK), rabbit Olig2 (1:600, Chemicon, Millipore, Milan, Italy), mouse anti-O4 (1:100), mouse anti-O1 (1: 500), mouse antiCNPase (1:100), rat anti-MBP (1:200), (all from Chemicon), mouse anti-phospho-histone H3 (PH3, 1:500, Cell Signaling, Danvers, MA). Doublelabeling with anti-O4 was performed using detergent-free buffers. When co-staining with primary antibodies developed in the same species was done, GPR17 was detected with the highsensitivity tyramide signal amplification kit (Perkin Elmer, Milan, Italy).
Cells were then incubated for 1 hour at RT with the secondary goat anti-rabbit and goat antimouse antibodies conjugated to AlexaFluor 488 or AlexaFluor 555 (1:600 in GSDB; Molecular Probes, Invitrogen). An additional step with the UV fluorescent dye Hoechst-33258 (1:10,000, Molecular Probes, Invitrogen, Milan) for the nuclei labeling was performed. Coverslips were finally mounted with a fluorescent mounting medium 3 (Dako, Milan), and analyzed as described (8). The total number of cells counted for any given condition is indicated as "n". Immunohistochemistry-Male Sprague-Dawley rats were perfused with 4% paraformaldehyde in 0.1 M PBS. Brains were post-fixed for 1 hour and then incubated for 24 hours in 30% sucrose, embedded in OCT (Cell Path) and then frozen at -80°C. Frozen sections (16 µm) were stained as previously described (8). The following Chemicon primary antibodies were used: rabbit anti-Olig2 (1:800), rabbit anti-NG2 (1:200), mouse anti-PLP (1:100) and rat anti-MBP (1:200). GPR17 was detected with the tyramide signal amplification system (Perkin Elmer, Milan, Italy). BrdU incorporation-The degree of cell proliferation was determined by analyzing BrdU incorporation in OPCs. After 5 days in culture, 10 µM BrdU was added to cells for 5 and 24 h. After fixing, cells were incubated in 2N HCl for 30 min at room temperature to denaturate nuclear DNA, followed by washes with 0.1 M sodium borate, pH 8.5 to neutralize HCl, and immunostaining was performed using rat anti-BrdU (1:400, Abcam; Cambridge, UK) in parallel with rabbit anti-NG2 (1:100, Chemicon) or rabbit anti-GPR17 as described. The total number of cells counted for any given condition is indicated as "n". Data analysis was performed using LightCycler Software (Roche Diagnostics, Indianapolis, IN) with quantification and melting curve options. The acquired fluorescence signal was quantified by the second derivative maximum method using LightCycler data analysis software to obtain crossing point values (Cp) and PCR efficiency (E). Changes in concentration of the amplified target were detected as differences in threshold cycle (∆Cp) between samples; relative expression ratio (R) of target genes were calculated based on E and ∆CP and expressed as a ratio to the reference housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Real-time and RT-PCR studies-
For single cell RT-PCR studies, one living cell or a small pools of cells (up to 10) was sucked into a patch pipette by applying a negative pressure, and then processed for RT-PCR, using oligo(dT) for retrotranscription (Invitrogen), as described (8). The selection of oligodendrocytes was performed at the light microscope on the basis of cell morphology. Half of the reverse-transcribed cDNA product was amplified with Platinum Taq DNA polymerase. Amplifications were performed in a GeneAmp 9700 thermal cycler (Applied Biosystems) for 40 cycles (94 °C/45 s, 30 s at the optimal annealing temperature for each primer pair and 72 °C/45 s). For a complete list of primers sequences, annealing temperature (Ta) and size of PCR products for GPR17, P2Y and CysLT receptors see (6) . The following primers were also utilized: Rat Olig2, Fw: 5"-TCCTCCAGCACCTCCTCGTC-3", Rv: 5"-GTGACCCCCGTAAATCTCGC-3" (Ta: 59.8°C; PCR product: 306bp); rat PDGF receptor- (PDGFR), Fw: 5"-GGAAATCAGAACCGAGGAG-3", Rv: 5"CAGTTTGATGGACGGGAGT-3" (Ta: 55.9°C; PCR product: 306bp).
Primers used for two splicing forms of PLP1: PLP and DM-20, Fw: 5"-GAAAAGTTAATTGAGACCTA-3", Rv: 5"-TACCAGGGAAACTAGTGTGG-3" (Ta:57°C; PCR products: two bands of 532 and 637 bp representing DM-20 and PLP transcripts, respectively).
Twenty l aliquots of the PCR products were size separated by electrophoresis on a 1,5 % agarose gel.
To check GPR17 knock-down after silencing experiments, total RNA from control and silenced postnatal OPCs was extracted with TRIZOL ® Reagent (Invitrogen) according to the manufacturer"s instructions. Retrotranscriptions to cDNA and PCR reactions were carried out as described (8, 16) . RNA interference-After 3-4 days in culture, cells in proliferating medium were transfected with a siRNA (siRNA) specifically designed for silencing rat GPR17 (Qiagen, Milan, Italy): CCGTATAGAGAAGCACCTCAA (target sequence). The sequence was designed to minimize homology to any known vertebrate transcript and did not induce the interferon mediated stress response pathways, according to the manufacturer"s specifications. This sequence has been already successfully utilized to specifically knock-down GPR17 (6) . In parallel, an ineffective randomly designed RNA sequence was used as negative control (Qiagen). In the present study, to prove a role for GPR17 in cAMP regulation, siRNAs were transfected with Lipofectamine RNAiMAX reagent (Invitrogen) as described (6) to a final concentration of 100 nM/well (24 well cell culture-plate), following the manufacturer's protocol. Preliminary experiments with graded siRNA concentrations were performed to choose the optimal conditions for silencing. GPR17 knock-down was checked by RT-PCR analysis and immunocytochemistry. Measurement of cyclic AMP levels in OPCs was evaluated 48-72 h after siRNA transfection. To prove a role for GPR17 in OPC differentiation, cells were maintained in differentiating medium supplemented with T3 and after 3-4 days in culture transfected with siRNA as described above. Immunocytochemical analysis was performed 72h after RNA interference. Measurement of cyclic-AMP levelsIntracellular cAMP levels were measured using a competitive protein binding method as reported (17) (18) (19) . Briefly, purified OPCs were seeded on poly-D,L-ornithine 24 well plates (1.5 X 10 4 cells/well) in 0.5 mL medium and maintained in culture for 6-7 days (peak of GPR17 expression). For the assay, the complete medium was removed and cells were incubated at 37 °C for 15 min with 0.4 mL of medium in the presence of the phosphodiesterase inhibitor Ro20-1724 (20 M). The concentration-response curve of tested ligands was evaluated by assessing their ability to inhibit cAMP accumulation stimulated by 10 M forskolin. Agonists were added to cells for 15 min. When required, cells were pre-incubated for 10 min with antagonists. Reactions were terminated by medium removal and addition of 200 l of 0.4 N HCl. After 30 min, lysates were neutralized with 50 l of 4 N KOH and suspension centrifuged at 800 g for 5 min. For determination of cAMP, cAMP binding protein isolated from bovine adrenal glands was incubated with [ 3 H] cAMP (2 nM), 50 l of cell lysate or cAMP standard (0-16 pmol) at 4 °C for 150 min, in a total volume of 300 l. Bound radioactivity was separated by rapid filtration through GF/C glass fibre filters and washed twice with 4 ml 50 mM Tris/HCl pH 7.4. Radioactivity was measured by liquid scintillation spectrometry.
The following pharmacological agents were tested: UDP, UDP-glucose (Sigma-Aldrich), LTD 4 and LTE 4 (Cayman Europe, Estonia). Montelukast was a kind gift from MERCK & Co (USA) and Cangrelor was a kind gift of The Medicines Company, Parsippany, NJ, USA. Pharmacological treatments-At day 5, the GPR17 antagonist cangrelor (10 µM) or the agonist UDPglucose (100 µM) were added to OPCs in differentiating medium containing T3. After 48h, cells were fixed and immunostained with anti-GPR17, anti-MBP and anti-CNPase antibodies as described above. In a set of experiments, at day 3, OPCs cultured in differentiating medium containing T3 were transfected with siRNA as described, and after 48h, exposed to UDP-glucose (100µM) for additional 48h. Cells were then fixed to determine their differentiation stage by immunocytochemistry. Data Analysis-For cAMP data, a non-linear multipurpose curve-fitting program Graph-Pad Prism was used. Data are reported as mean ± SEM of three/four different experiments (performed in duplicate). For all other experiments, Graph-Pad Prism was also used (see legends of Fig. 8, 9 for details).
RESULTS

In cultured primary OPCs, expression of GPR17 is segregated from that of myelin markers.
As a first step, we analyzed the induction of GPR17 mRNA in comparison to the mRNAs of some major myelin proteins, such as MBP and proteolipid protein 1 (PLP1) during the process of spontaneous in vitro differentiation. Real time PCR analysis showed that GPR17 mRNA was expressed at low levels at early differentiation stages (after 2-3 days in culture), whereas it was sharply increased immediately afterwards, reaching a maximum peak around day 6, when the mRNA levels of MBP started to increase. As OPC differentiation proceeded, GPR17 mRNA progressively declined, reaching its lowest level at 14 days in culture, when, conversely, PLP1 expression reached its maximum (Fig. 1A ). These expression changes were paralleled by gradual morphological changes in culture, from a very simple bipolar shape to an increasingly complex ramified morphology (see also below and Fig. 3) . To obtain more information on the expression pattern of other OPC markers in the GPR17 expressing cells, we examined genes encoding for PDGFR, a typical marker of early OPCs, and for the two splicing variant forms of PLP1: DM-20, the predominant immature isoform during early OPC development, and the myelin protein PLP, which is instead expressed by more mature OPCs. To this purpose, at different days in culture corresponding to distinct maturation stages (stages 1-4, see Fig.  1B , Fig. 3 ), single cell PCR was applied to pools of bipolar, tripolar or ramified oligodendrocytes (2-5 cells/pool) picked up from living cultures using cell morphology at the light microscope as a guide. We found that bipolar cells at day 2 in culture (stage 1) coexpressed the mRNAs for both GPR17, the immature marker PDGFR, and the more immature PLP splicing variant DM-20. Tripolar cells at day 4 in culture (stage 2) maintained the same gene expression pattern. At day 6 (stage 3), ramified preoligodendrocytes instead co-expressed GPR17 mRNA together with the mRNAs for both PLP and DM-20 myelin proteins, whereas they did no longer express PDGFR mRNA (Fig. 1B) . At this stage, virtually all ramified cells were still immature oligodendrocytes, since very few cells (2.7±0.3%, n=2470) were found positive for the MBP protein at this age in culture. Highly ramified cells isolated at day 10 in culture (stage 4) were instead typically MBP + ; these cells had lost GPR17 mRNA, but still maintained the mRNAs for both PLP1 isoforms (Fig. 1B) . Altogether, these data suggest that, during in vitro OPC specification, GPR17 expression is restricted to cells at early differentiation stages characterized by distinct expression patterns.
The GPR17 protein decorates two distinct stages of slowly proliferating NG2 + OPCs. To get more information on the morphological characteristics and immunophenotye of GPR17-expressing cells, we then followed the appearance of the GPR17 protein in culture by employing our anti-GPR17 antibody (4) along with a variety of specific markers labeling differentiation stages characterized by distinct morphologies (i.e., O4 and O1 for pre/immature oligodendrocytes, MBP for mature cells, see also above).
At early stages ( 1, 2 days) in culture, OPCs showed a typical bipolar morphology with little secondary branching and were positive for NG2 ( Fig. 2A) . These cells accounted for the 72  6.7% of the total cell population (n=2350 cells, four independent experiments). Despite the presence of GPR17 mRNA (Fig. 1) , at this initial stage, the GPR17 protein was undetectable in the majority of cells, being present only in cells with a tripolar or more complex morphology ( Fig. 2A") . These NG2 + -GPR17 + double-positive cells accounted only for the 2.6  0.4 % of NG2 + population (n=1496, from three independent experiments). As OPCs started to spontaneously differentiate in vitro, strong GPR17 immunolabeling was found in NG2 + cells with many branched processes emerging from the cell body (Fig. 2B) S1A ) and by western blot analysis performed in parallel with rodent brain extracts utilised as positive controls (supplemental Fig. S1C ). On the contrary, at this early stage in culture, the PDGFR protein is present in almost all cells, and double staining with the anti-GPR17 antibody indicates that morphologically immature GPR17 + cells also coexpress PDGFR (supplemental Fig  S1D, D" ). Presence of PDGFR was also confirmed by western blotting analysis (supplemental Fig. S1G ). The number of GPR17 + OPCs continued to increase during differentiation, reaching a maximum peak around day 6 when they represented about 70% of the total cell population and when a significant number of cells acquired a pre-oligodendrocyte phenotype ( Fig. 2C and 2G . S1B) ; western blotting analysis indeed showed the presence of the DM20 isoform (supplemental Fig. 2SC) . Conversely, virtually all the ramified GPR17 + cells had lost expression of PDGFR (Supplemental Fig. S1E Fig. 2F) . A summary of GPR17 expression together with other already known markers of different OPC differentiation stages is reported in Fig. 3 . In line with our previous indications (8), in vivo immunohistochemistry in rat cortex showed co-expression of GPR17 with Olig2 and NG2, but not with mature oligodendrocyte markers like PLP and MBP (Fig. 4) , thus confirming the validity of our in vitro results.
We also assessed the nuclear labeling for the mitotic marker phospho-histone PH3 on cells fixed at distinct times in culture (Fig.  2G) . The number of PH3 + oligodendrocytes was quite high at day 3 in culture and progressively decreased with time, in line with the time-dependent increase of oligodendrocyte terminal differentiation (Fig.  2G) + population (11.4  4%, n=380 and 35.6  6.6%, n=1550, after 5 and 24 h, Fig. 2I-K) was much higher than the number of proliferating GPR17 + cells (5.6  1.2%, n=400 and 10.4  3.5%, n= 1500 after 5 and 24 h, Fig. 2I-K) . Thus, GPR17-expressing OPCs have a quite low proliferation rate and the time-dependent increase of GPR17 + cells in culture is mainly due to the spontaneous differentiation of the already present OPCs rather to proliferation of the GPR17 + cell subpopulation.
In cultured primary OPCs, GPR17 responds to its endogenous agonists with selective coupling to inhibition of adenylyl cyclase. Since GPR17 can respond to both nucleotides and cysLTs (4, 8, 11) , to dissect the signaling pathway(s) associated to the native receptor in OPCs, we first performed a detailed single cell RT-PCR analysis of all cloned P2Y and CysLT1 and CysLT2 receptors. This approach was needed to estimate the potential contribution of other co-expressed receptors of the same family to the responses detected in OPCs upon exposure to these ligands.
Analysis of 2-10 cells picked up from living cultures showed that, together with GPR17, all P2Y receptors (i.e., P2Y 1, 2, 6, 12, 13, 14 ) , with the only exception of P2Y 4 , were co-expressed in preoligodendrocytes (supplemental Fig.  S2 ). Concerning CysLT receptors, CysLT1 was not found (supplemental Fig. S2B ), whereas a specific band for CysLT2 was identified (supplemental Fig.  S2C ).
As recombinant P2Y receptors, including P2Y 12,13,14 , GPR17 and CysLT can couple to the Gq protein and phospholipase C to increase intracellular calcium (Ca 2+  i ) (4, (20) (21) (22) , the functionality of the detected receptors was investigated by single cell calcium imaging by recording responses to the most commonly utilized P2Y agonists and LTD 4 . We found that a significant percentage of cells responded to ADP (supplemental Fig. S2D , E) (75.0 7.70 %, n=203, F340/380: 0.43  0.02,) and UTP (32.5  17.9 %, n=132; F340/380: 0.36  0.04), whereas only a very small fraction showed responses to UDP (5.08  2.5 %, n=185; F340/380: 0.25  0.03). In 5 independent OPC preparations (n=200), no cells responded to UDP-glucose or LTD 4 (supplemental Fig. S2F-H) , thus ruling out the possibility that, in primary rodent OPCs, GPR17 is coupled to Gq, at least under these experimental conditions.
As previously published data demonstrate that recombinant human and rodent GPR17 is primarily coupled to the Gi protein, which, in turn, inhibits cAMP formation (4), we evaluated the possible receptor coupling to the adenylyl cyclase system. In particular, the effect of uracil derivatives and cysLTs on cAMP accumulation stimulated by forskolin was evaluated. As a first approach, cAMP production was assayed by incubating cells with increasing forskolin concentrations (from 1 µM to 30 µM) in the absence or presence of LTD 4 (10 nM) or UDP-glucose (10 µM). Both agonists inhibited cAMP accumulation stimulated by 1, 5 and 10 µM forskolin (data not shown). No inhibition on cAMP accumulation was observed when forskolin was used at a 30 µM concentration (data not shown). Based on these data, 10 µM forskolin was then used in all subsequent functional assays.
Complete concentration-response curves to these two agonists were then performed. UDP-glucose and LTD 4 concentrationdependently inhibited the cAMP formation elicited by 10M forskolin, with EC 50 values of 424.7  125 nM and 2.85  0.89 nM, respectively (Fig. 5, panel A and B) , confirming their agonist activity at native GPR17. In a similar way, also UDP and the cysLT derivative LTE 4 , that has recently been proposed to also act as a GPR17 agonist (8), significantly and concentration-dependently inhibited forskolin stimulation, with an EC 50 value of 1.29 ± 0.07 M and 51.8 ± 6.6 pM respectively (Fig. 5, panel A and B) . Interestingly, the calculated affinity constant values for all agonists are comparable to those obtained in 1321N1 cells heterologously transfected with rat GPR17 by [
35 S]GTPS binding (4) . To determine whether UDPglucose and LTD 4 effects could be selectively ascribed to the activation of GPR17, we performed specific experiments with the GPR17 antagonists cangrelor and montelukast (4, 8, 11) . As depicted in Fig. 6 , both cangrelor, an antagonist of the purinergic binding site on GPR17, and montelukast, an antagonist of the cysLT binding site on GPR17, concentrationdependently counteracted the inhibition of cAMP formation elicited by 1 µM UDP-glucose and 10 nM LTD 4 , with half-maximal inhibition (IC 50 ) values in the picomolar and nanomolar range, respectively. These results suggest that the UDPglucose and LTD 4 -induced effects are indeed mediated by GPR17.
Finally, since OPCs also express the mRNA for CysLT2 and various other P2Y receptors, including the uridine sugar nucleotide P2Y 14 receptor (Fig. 3H) , to unequivocally prove that the detected effects are due to GPR17, we performed silencing experiments. cAMP levels were thus determined in primary OPCs upon transfection of cells with siRNAs against rGPR17. The silencing efficiency of GPR17 was evaluated by RT-PCR experiments (Fig. 7A) immunocytochemistry (Fig.  7B , C) and western blot (data not shown). Results demonstrate that, after selective GPR17 knockdown, the ability of UDP-glucose and LTD 4 to inhibit FK-stimulated cAMP production was virtually abolished with respect to control cells exposed to randomly arranged siRNAs (Fig. 7D) . These results confirm that the effects of these ligands are indeed due to the selective activation of the GPR17 receptor in OPCs.
Cangrelor inhibits and UDP-glucose promotes OPC differentiation in culture. Having established that, in primary cultured OPCs, GPR17 is functional, we then asked whether its pharmacological modulation with agonists/antagonists had any effects on the final destiny of these cells. We reasoned that, if GPR17 is important for spontaneous OPC differentiation, then GPR17 antagonists should delay maturation by counteracting the effects mediated by endogenous GPR17 agonists; conversely, exogenous agonist ligands should accelerate OPC maturation by promoting receptor activation. Exposure of OPCs to cangrelor indeed significantly reduced the number of mature MBP + or CNPase + cells, while increasing the number of GPR17 + precursors (Fig. 8A) , indicating a shift of cells toward a less differentiated stage, as also confirmed by prevalence of a morphologically undifferentiated phenotype (Fig. 8B) . In contrast, the GPR17 activator UDP-glucose increased the number of MBP + oligodendrocytes (Fig. 8A) , suggesting acceleration of cell maturation, as also assessed by appearance of a myelinating phenotype in culture (Fig. 8B) . In neither case were these effects due to changes in the total number of cells in culture, since no changes in cell labeling with Hoechst33258 were detected (Fig.  8A) .
GPR17 knock-down in primary OPCs by specific siRNAs impairs the normal program of oligodendrocyte differentiation.
Finally, to univocally establish a link between GPR17 activation and oligodendrocyte differentiation, we assessed the effect of GPR17 silencing on spontaneous OPC maturation. As expected, receptor knock-down significantly reduced the number of GPR17 + cells in culture; this was associated to a dramatic decrease in the number of terminally differentiated MBP + cells (Fig. 9A ). Nuclei labeling with Hoechst33258 showed no significant changes in cell number, confirming that these effects are not due to toxicity, but are really related to GPR17 knock down. In line with these data, in the absence of GPR17, the differentiating effects of UDPglucose were completely lost (Fig 9B) . Thus, GPR17 is necessary for oligodendrocyte differentiation and its silencing markedly interferes with OPC maturation. Moreover, maturation of GPR17 + OPCs is crucially driven by uracil nucleotides, suggesting a key role for these ligands in the normal differentiating program of these cells.
DISCUSSION
Here we report the molecular characterization of GPR17 and its transduction system during the spontaneous in vitro differentiation and maturation of primary rodent NG2 + OPCs. To our knowledge, this is the first time that such a detailed description of GPR17 signaling pathway is reported in a native system.
Our main findings are as follows: 1. In cultured OPCs, the GPR17 transcript is first detected in bipolar NG2 + polydendrocytes. Receptor expression gradually increases with in vitro morphological differentiation in cells with more processes emerging from the cell body, is maximal in immature pre-oligodendrocytes and then gradually decreases along with terminal maturation.
2. In line with these findings, the GPR17 receptor protein decorates two subsets of slowly proliferating cells. The first one corresponds to early, morphologically immature and slowly proliferating NG2 + precursor cells that also express Olig2, PDGFR and the immature PLP isoform DM-20; the second one corresponds to more ramified, still immature pre-oligodendrocytes that are loosing NG2 and PDGFR immunoreactivity and already express O4, O1 and the two splicing variants of the myelin protein PLP (Fig. 3) . After this differentiation stage, GPR17 expression is progressively turned down, and the GPR17 protein is never found in fully mature MAG + (data not shown) or MBP + oligodendrocytes. We thus propose GPR17 as a new marker that specifically labels two distinct early OPC stages characterized by the morphological features and immunophenotypes summarized in Fig. 3 . 3. In these cells, GPR17 is functional. Its activation by UDP-glucose and LTD 4 did not affect intracellular calcium levels but resulted in marked inhibition of cAMP formation. Adenylyl cyclase thus represents the primary transduction signaling system of native GPR17 in OPCs.
4. GPR17 pharmacological inhibition or knock-down by siRNAs impaired the normal differentiation program of OPCs. Conversely, GPR17 activation with one of its endogenous ligands (UDP-glucose) accelerated OPC maturation. This effect was completely obliterated in GPR17 silenced cells.
Regarding findings 1 and 2, our data significantly contribute to defining the specific differentiation stage at which OPCs express GPR17. These findings significantly extend our in vitro data obtained in primary neuron-glia mixed cultures (8) and are in line with our previous and present in vivo results. In rodent cortex, GPR17 was found to be always associated to very early stages of oligodendrocyte differentiation in NG2 + or Olig2 + OPCs, and its expression was always segregated from that of mature myelinating markers such as MAG or MBP (ibidem). Such a restricted temporal expression has been more recently confirmed by a developmental study in mice (Boda E et al., submitted). Moreover, the presence of GPR17 in multifunctional NG2 + polydendrocytes suggests that it may be theoretically possible to exploit this receptor to address these cells to also generate new functional neurons and astrocytes under specific conditions (1) .
Regarding the oligodendrocyte fate of the GPR17 + -NG2 + precursors, in the Lecca et al paper, we hypothesized that GPR17 has to be turned down to allow the terminal differentiation of immature oligodendrocytes. In line with our hypothesis, starting at postnatal week 2, transgenic mice overexpressing GPR17 under the control of the CNP1 promoter (and showing predominant transgene presence in oligodendrocytes after the precursor stage), displayed generalized tremors, hind limb paralysis reminiscent of those described for dysmyelinating mouse mutants, followed by precocious death at 3 weeks of age (10) . These data confirm that the forced expression of GPR17 at advanced OPC differentiation stages (such as that of cells already expressing the mature oligodendrocyte marker CNPase) is associated to defective myelination during postnatal life. We are currently investigating the mechanisms involved in GPR17 downregulation at specific stages of OPC differentiation (see also below).
Regarding findings 3 and 4, this is the first demonstration that GPR17 is functionally active in native NG2 + neural progenitors, and, that the receptor is able to respond to endogenous GPR17 ligands, such as UDP, UDP-glucose, LTD 4 and LTE 4 . Specifically, we identify inhibition of cAMP production as the main signaling pathway utilized by GPR17. The detected pharmacological profile for cAMP inhibition is comparable to that obtained in cells expressing the recombinant receptor (4, 8) . Experiments with known GPR17 antagonists and, more important, receptor silencing via siRNAs, confirmed that these effects are selectively due to stimulation of GPR17. At variance from transfected systems, no coupling to intracellular calcium increases was detected. This suggests that, in native cells, GPR17 may be segregated from Gq proteins, which are necessary to activate PLC and calcium release from intracellular stores. Finally, GPR17 agonists promote and GPR17 antagonists delay spontaneous OPC differentiation in culture. These data, together with the demonstration that GPR17 silencing inhibits OPC maturation, unequivocally establish a mechanistic link between GPR17 and the final destiny of these cells.
GPR17 has been proposed as an intrinsic regulator of oligodendrogliogenesis (10) . While our data fully confirm the role of GPR17 in OPC specification, we propose that GPR17 is also extrinsically regulated by physiological ligands that accumulate in the extracellular milieu. The identification of inhibition of cAMP as GPR17 main signaling pathway may help understanding the molecular mechanisms involved in the regulation of oligodendrocyte differentiation and terminal maturation, and is in line with previous data implicating this signaling pathway in cell differentiation (23) . In general, the activation of the cAMP pathway promotes neural precursor cells differentiation (24) (25) (26) that, in some cases, occurs through the regulation of the Id2/Id4 transcriptional factors (27, 28) . We hypothesize that, by inhibiting cAMP formation at early differentiation stages, GPR17 keeps cells in an immature state, which is necessary to prepare them for myelination. When a critical stage of OPC differentiation is reached, GPR17 is downregulated to allow cells to resume the appropriate cAMP levels necessary for their terminal maturation. Our current hypothesis is that, at this critical stage of OPC differentiation, by binding to their receptor, GPR17 endogenous ligands induce receptor desensitization and removal from the membrane, with subsequent internalization and degradation, and that this is the key event necessary to allow OPCs to proceed to myelination. A similar process has been associated to specification of other cell lineages, where the down-regulation of membrane receptors for trophic or differentiation factors has been proposed to be necessary to allow cells to proceed toward terminal differentiation (29). For example, during erythrocytes maturation, stimulation of erythropoietin (EPO) receptors by EPO is necessary to induce erythroid precursor cells to proceed to the erythroblast stage; however, at this stage, EPO receptors have to be removed from the cell membrane to allow precursors to become functional erythrocytes, a process that may be achieved by agonist-mediated degradation of EPO receptors. Preliminary data from our group show that GPR17 ligands are indeed able to induce receptor desensitisation and internalization (Daniele S. et al; Parmigiani E. et al, manuscripts in preparation), suggesting that, as other GPCRs, GPR17 is regulated following long-time exposure to agonists (data not shown). Experiments are currently in progress to assess to what extent this is necessary for OPC terminal maturation.
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Walrafen, P., Verdier, F., Kadri, Z., Chretien, S., Lacombe, C., and Mayeux, P. A. OPCs were plated in 24-wells and after 6 days in culture they were treated with 10 µM forskolin (FK), in the absence or presence of graded concentrations of UDP-glucose (50nM-5µM) and UDP (500nM-50µM) or B. LTD 4 (0.5nM-250nM) and LTE 4 (0.05nM-10nM). After 15 min, reactions were stopped by addition of HCl and the intracellular levels of cAMP in cell lysates evaluated as described in Materials and Methods. Results are expressed as percentage of FK-stimulated cAMP levels set to 100%. Data represent the mean ± SEM of three separate experiments, each performed in duplicate. Fig. 6 . The GPR17 antagonists cangrelor and montelukast concentration-dependently counteract agonist-mediated inhibition of FK-stimulated adenylyl cyclase in primary OPCs. OPCs were plated in 24-wells and after 6 days in culture they were treated with either the purinergic agonist UDP-glucose (1 µM) or the cysLT agonist LTD 4 (10 nM) and 10 µM FK, in the absence or presence of graded concentrations of the indicated antagonists (5pM-50nM for Cangrelor and 50nM-10µM for Montelukast). After 15 min, reactions were stopped by addition of HCl and the intracellular levels of cAMP in cell lysates evaluated as described in Materials and Methods. Results are expressed as percentage of FK-stimulated cAMP levels set to 100%. Data represent the mean ± SEM of three separate experiments, each performed in duplicate. Fig. 7 . GPR17 knock-down in primary OPCs by specific siRNAs abolishes UDP-glucose mediated inhibition of forskolin-stimulated adenylyl cyclase. OPCs were plated in 24-wells and after 3-4 days in proliferating medium they were treated with either siRNAs (100 nM) specifically designed against rat GPR17 or ineffective randomly designed siRNA utilized as a negative control (neg). A. After 48-72 h, no specific amplification product for GPR17 was detected by RT-PCR in silenced samples (siRNA) with respect to controls (neg). B. Immunocytochemical analysis showed a massive reduction of GPR17-positive cells (in green) in siRNA cultures with respect to negative controls (neg). In blue, cell nuclei stained with Hoechst 33258. Data from one typical experiment are shown; similar data were obtained in four independent experiments; appropriate controls for the knock-down of the GPR17 protein have been performed for each single silencing experiment. C. Quantification of GPR17 expressing cells in control (neg) and silenced (siRNA) OPC cultures. Fifty optical fields/coverslip were counted for a total of eight coverslips/group. Data are reported as % of the total number of GPR17 expressing cells set to 100% and represent the mean of four independent experiments. D. UDP-glucose significantly and concentration-dependently inhibited FK-stimulated adenylyl cyclase in control OPCs (neg), while no significant inhibition was detected in GPR17 silenced cultures (siRNA) (Student"s-t test). Each point in graph is the mean ± SEM of six separate determinations from three independent experiments (left panel). In a similar way, LTD 4 inhibited FK-stimulated adenlyl cyclase in control OPCs (neg) and this effect was completely lost in GPR17 silenced cells (siRNA). Each point in graph is the mean ± SEM of three separate determinations from one experiment (right panel). For UDP-glucose, data are the mean± SEM of cell counts from a total of 9 coverslips/condition from 3 independent experiments run in parallel with cangrelor (n= **p<0.001, *p<0.05 compared to control, one-way ANOVA, followed by Bonferroni's multiple comparison test. #p<0.01 compared to control, Student"s-t test. B. Representative images of control, cangrelor-or UDP-glucose-treated cells showing double immunostaining with anti-GPR17 and anti-MBP antibodies. Nuclei were labeled with Hoechst 33258. Scale bar: 15µm. Fig. 9 . GPR17 knock-down by specific siRNAs impairs the normal program of oligodendrocyte differentiation and abolishes the differentiating effects induced by UDP-glucose. OPCs were plated in 24-wells and after 3-4 days in differentiating medium containing T3, they were treated with either siRNAs specifically designed against rat GPR17 or ineffective randomly designed siRNA utilized as a negative control. After 72 h, cells were fixed and stained with anti-GPR17 and anti-MBP antibodies. A. Histograms show the quantification of GPR17 + or MBP + cells in control (neg) and silenced (siRNA) OPC cultures (with control cells set to 100%). In GPR17 silenced cultures, a significant reduction of the number of MBP + cells with respect to control was observed, along with the expected significant reduction in the number of GPR17 + cells. **p<0.0001 compared to control, Student"s-t test. There were no significant changes in the total number of cells, as shown by labeling of cells nuclei with Hoechst 33258. The number of positive cells was counted in 10 optical fields under a 10X magnification (2000 cells/coverslip in the control condition). Data are the meanSEM of counts from a total of 10 coverslips/condition from 3 independent experiments.
B. In a set of four experiments, at day 3, OPCs cultured in differentiating medium containing T3, were transfected with siRNA and, after 48 h, treated with UDP-glucose (100µM) for additional 48 h. Cells were fixed to assess the differentiation degree by immunocytochemistry. Histograms show the quantification of MBP + cells in control (neg) and silenced (siRNA) OPC cultures (with control cells set to 100%), in the absence or presence of UDP-glucose (100M). In line with data reported in A, in GPR17 silenced cultures, a significant reduction of the number of MBP + cells with respect to control was reproduced. Moreover, in line with data reported in Fig. 8 , UDP-glucose induced a significant increase in the percentage of mature MBP + cells (*p<0.05). In the absence of GPR17, the differentiating effect of UDP-glucose was dramatically reduced (**p<0.0001 with respect to control (neg), one-way ANOVA, followed by Bonferroni's multiple comparison test). There were no significant changes in the total number of cells, as shown by labeling of cells nuclei with Hoechst 33258. The loss of the UDP-glucose induced effect after GPR17 silencing is even more evident if, in the siRNA treated cultures, data are expressed as percentage increase of MBP + oligodendrocytes with respect to the basal number of MBP + cells set to 100% (right columns). 
